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Abstract 
Progress in far-infrared and terahertz technology is reviewed since 1950 to the present. There are three ways of approach to this 
frontier region ; optic, electronic or quantum electronic approach. This paper describes optic, i.e. grating and Fourier-transform 
spectroscopy, or quantum electronic, i.e. far-infrared lasers and terahertz time-domain spectroscopy/imaging (THz-TDS).  
Experimental results in far-infrared spectroscopy and in terahertz time-domain spectroscopy/imaging are shown. 
PACS: 07.57.Hm ; 07.57.Kp ; 07.57.Pt ; 07.57.Ty ; 36.20.Ng ; 87.64.km 
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1.  Introduction 
Modern research on the spectral range between light waves and microwaves, that is , between optics and 
electronics, really expanded since the beginning of 1950s with the development of far-infrared (FIR) grating 
spectrometer for which a weak incoherent thermal source was used. The grating spectrometer was gradually 
replaced by the Fourier transform spectrometer (FTS) since mid 1960s. It has some advantages over the grating 
spectrometer, but a weak incoherent thermal source was still used. At almost the same time liquid-helium-cooled 
sensitive detectors were begun to be used.  
An important breakthrough, development of such gaseous lasers as HCN, H2O, etc. was made in 1964, 
followed by the enthusiastic years of CO2-laser pumped gaseous molecular laser since 1970. As a result, coherent 
sources became available together with some solid-state lasers. A lot of fundamental studies and applications were 
accomplished during that period. After an additional 20 years, the advent of the solid Ti:Sapphire femtosecond laser 
changed this field from a special field of physics and chemistry to a field of electronics. This paper describes the 
progress of this region from the beginning of FIR research to recent activities based on terahertz (THz)-wave 
optoelectronics. 
2.  From 1950 to 1990 
2.1  Development of  FIR Grating Spectrometer 
In the beginning of 1950s, Prof. Oetjen at Ohio State University constructed a full-automatic large FIR vacuum  
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grating spectrometer with advanced optical components 
such as precisely machine-ruled gratings and the newly 
developed Golay cell [1].  It is justly said that this grating 
spectrometer opened the door to a new age of FIR 
spectroscopy. Following Prof. Oetjen, Prof. Genzel and 
Eckhardt at Freiburg University [2], Prof. Hadni at 
Sorbonne [3] and Prof. Yoshinaga at Osaka University [4] 
constructed high- performance FIR grating spectrometers.  
  In Japan, this FIR spectrometer established the way 
to the modern spectroscopic reserch in the FIR region.  
The spectral range covered by the grating spectrometer 
was nominally 18 Pm to 1 mm, but practically 18 Pm to 
about 300 Pm or 400 Pm.  By using this instrument, a lot 
of original studies were achieved: the most famous results are the “Yoshinaga filter” [5] and “Reflection 
measurements of Restrahlen bands of ionic crystals” [6] cited in Kittel’s world-famous book on solid-state physics. 
2.2 Development of FIR Fourier-Transform 
Spectrometer
To extend the spectral coverage to longer wavelength 
regions, the author constructed Fourier-transform 
spectrometers (FTSs), which became increasingly popular in 
the mid 1960s.  He constructed a Michelson-type 
interferometer first [7], and then constructed a refined lamellar-
grating-type spectrometer (Fig.2) [8]  combined with an InSb 
hot-electron bolometer operated at 4.2 K [9].  This instrument 
extended the spectral coverage to a few mm in spite of using 
such a low-intensity thermal source as high-pressure mercury 
lamp.  Some typical experimental results by FTSs are shown in 
Figs. 3 to 5.  Figure 3 shows the low frequency optical phonon 
measurement of a ferroelectric crystal [7]. Figure 4 is the zero-
field splitting of Fe3+ in a bio-molecule hemin [8]. Figure 5 
shows the transmittance of inductive metal meshes, which is a 
pioneering work of recently highlighted plasmonic devices 
suggested by T.W. Ebbesen et al. [10].  A chapter on metal 
meshes was written by K. Sakai and L. Genzel in 1983 [11]. 
An invited review article on Fourier transform spectroscopy 
Fig.1 Optical arrangement of a Czerny-Turner mount 
FIR-grating spectrometer at Osaka University 
Fig.2 Optical arrangement of a lamellar-grating
 Fourier-transform spectrometer at Osaka 
University 
Fig.3  Complex dielectric 
constant of KDP crystal 
Fig.5 Transmission of inductive
 metal meshes 
Fig.4  FIR magnetic resonance
 of hemin 
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was also written by Genzel and Sakai in 1977 [12]. The author constructed a more sophisticated Michelson / Martin-
Puplett type FTS by use of advanced technologies such as air-bearing and laser-interferometer sampling. This 
spectrometer covered whole FIR region, i.e., between 20 Pm to 3 mm. [13]. 
2.3  Development of  FIR gas lasers 
The most exciting breakthrough, the first observation of the relatively intense laser emission of HCN and 
related molecules, was made by Gebbie et al. in 1964 [14]. In our country, Prof. Yoshinaga succeeded in lasing the 
HCN emission in 1966 [15] and applied the 337Pm-laser emission for the electron density measurements of high 
electron-density and electron-temperature tokamak plasma for the first time in the world [16]. Development of FIR 
lasers were continued  by young staffs and students of his laboratory. They contributed to the development of 
optically pumped molecular laser pioneered by T. Y. Chang and T. J. Bridges first [17]. A discharge type and an 
optically-pump type constructed at Prof. Yoshinaga’s laboratory are shown in Figs. 6 [15] and 7 [18].
3.  From 1990 to the present 
3.1  Introduction
A remarkable progress of the terahertz (THz) pulse technique has been 
brought by the development of the ultrashort optical pulse lasers, the 
development of semiconductor growth and microfabrication techniques.  
Three innovative techniques such as the ultrafast optical switch, the 
nonlinear optical method and the quantum cascade laser are leading 
activities in the field of THz optoelectronics. The techniques are mainly used 
in the spectroscopy and the imaging.  Historical background and variety of 
activities made by author’s group are summarized in a book [19 ]. 
3.2  Spectroscopy
When the THz 
pulse technique is used 
in spectroscopy, it is 
called THz time-
domain spectroscopy 
(THz-TDS).  Figure 8 
shows a typical optical 
layout of the THz-TDS. 
It is also adaptable for 
the THz imaging. The 
system uses photo-
Fig. 6  Schematic diagram of an HCN laser Fig. 7  An optically pumped FIR laser system
Fig. 9  Observation of LO phonon- 
plasmon coupling modes in an 
 InSb film, upper;time domain, 
 lower; frequency domain 
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Fig. 8  Optical layout of a THz-TDS and THz imaging 
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conductive (PC) antennas (Auston switch) for the emitter and the detector. 
It gives rise to many advantages over the traditional 
spectroscopic techniques. Two examples characteristic of THz–
TDS are explained in the following.  In Fig. 9 the observed LO 
phonon-plasmon coupling modes in an InSb film are shown [20].  
The upper spectrum shows time-domain waveforms of the THz 
radiation detected in (a) reflection and (b) transmission geometry.  
The lower one shows the Fourier-transformed spectra of the data.  
The coupling modes (L- and L+) are shown clearly. Figure 10 
shows another example, showing the amplitude and phase-shift 
spectra of a pseudo-simple-cubic photonic crystal fabricated in Si 
[21].  The transmission spectra and the dispersion relation are in 
good agreement with the calculations based on transfer matrix.  
These results indicate that THz-TDS is a useful tool for studying 
such novel materials as photonic crystals, metamaterials and 
others.
3.3 Imaging
The THz-TDS 
system provides 
another usage ,i.e.,
THz imaging. Special 
interest was directed to  
imaging plastic objects  
in powders taking 
advantages that THz-
waves are more 
transparent than 
optical-waves and less 
diffractive than micro-
waves. Figure 11 
shows imaging of 
plastic objects from 
chess game in two 
kinds of powders. 
They are exhibited in 
two typical modes. 
[22]. Figure 12 is the images of silicon samples. Since the 
plasma frequency of silicon and other semiconductors is in 
the THz frequency range, THz waves are specially suited 
for probing these properties. The substrate consists of n-
type silicon with a  resistivity of 5 :cm. The upper half of 
each silicon sample was boron-ion-implanted with the 
implantation dosages of 5 x 1013, 5 x 1014, 5 x 1015 cm-2
resulting in 0.5 Pm thin strongly p-doped layers that in 
spite of their thinness can effectively block THz waves 
depending on carrier concentration and mobility [23]. 
Figure 13 shows a visualization of supercurrent by means 
of THz imaging. The short-pulse-laser illuminations cause 
the Cooper-pair breaking, which increases normal transient 
current. The transient current is detected in the form of THz-waves, as Maxwell equation express [24]. 
3.4 Summary  
The trend of the FIR and THz researches have been reviewed since the beginning of 1950s.  First, pioneering 
Fig. 10  Transmittance and phase-shift 
spectra of a pseudo-simple-cubic
 photonic crystal 
Fig. 11  Plastic objects from
chess game in powder. 
The knight (left images) 
was put in baby powder, 
the pown (right images) 
in wheat flour. 
Top ; amplitude mode,  
bottom; position mode. 
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Fig. 12  THz images of n-type Si samples
              with doped thin p-type layers in 
              respective upper half. The upper
              half is boron ion implanted. 
              Implantation dosages are shown 
              on respective image. 
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Fig. 13  Visualization of supercurrent flow by
             means of THz pulse technique. 
             Beacause of the Mysner effect it flows 
near the edge of the bow-tie type super- 
conductor (YBCO).. 
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studies in FIR spectroscopy made at Osaka University were introduced ; namely, the construction of a FIR grating 
spectrometer and some original results with this spectrometer were described. In the second, an extension of spectral 
coverage to a few millimeters by means of the FTS was explained showing such an experimental result as FIR 
magnetic resonance of bio-molecule hemin.  
The FIR laser which emits  the power of practical uses was developed  for the first time in the middle of 1960s. 
The FIR gas lasers developed in Prof. Yoshinaga’s Laboratory of  Osaka University were introduced. These gas 
lasers were mainly used for the plasma diagnosis.    
As an extension of the FIR studies, the author started to develop the THz-TDS and THz imaging. A novel 
applications of THz -TDS to a phonon study and a photonic crystal, and THz imaging to plastics hidden in powders, 
imaging of a doped semiconductor and that of the supercurrent flow. It is recommended that readers refer to the 
book “Terahertz Optoelectronics” for precise explanation of the techniques described in this paper and for more 
informations from the author’s research group and other group in Japan [19]. 
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